Background -A diaphragmatic phonomyogram (PMG) evoked by maximal phrenic nerve stimulation at end expiratory lung volume (FRC) has been previously described as a good index of changes in diaphragmatic contractility with fatigue. A study was undertaken to assess whether this conclusion could be extended to different lung volumes. Methods -Diaphragmatic compound motor action potentials (CMAPs) were recorded on each side of the chest by the means of surface electrodes placed over the eight intercostal spaces in five healthy subjects. Diaphragmatic PMGs from both sides were recorded with condenser microphones fixed to the skin close to the CMAP recording electrodes. Oesophageal and gastric balloon tipped catheters were employed to measure transdiaphragmatic pressure twitches (TwPDI) which served as the standard measure of changes in diaphragmatic contractility. PMG and TwPDI responses were compared at different lung volumes over inspiratory capacity both before and after fatiguing inspiratory resistive loading. Results -No consistent relationship was found in different subjects or on different days in the same subject between PMG and lung volume or between PMG and TwPDI. However, the PMG:CMAP ratio from both sides at any given lung volume decreased after fatigue in roughly the same proportion as the TwPDI. Conclusions -These results show that, although PMG can detect changes in diaphragmatic contractility caused by fatigue in normal subjects, lung volume changes need to be controlled and each subject should serve as his or her own control. (Thorax 1996;51:705-710) 
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Methods

SUBJECTS
Five normal male volunteers were studied, none of whom had any neuromuscular illness or diaphragmatic injury in their medical history. Four of them were familiar with respiratory physiology procedures and were well trained to perform the diaphragmatic fatigue test efficiently, while the remaining subject had no previous experience with the procedures employed in this study. Three of the subjects were studied twice on two separate occasions.
PHRENIC NERVE STIMULATION
The phrenic nerves were stimulated transcutaneously in the neck with 0O1 ms square wave pulses delivered by a dual output constant current stimulator (Conterpoint, Dantec Canada, Toronto, Canada). Current intensities in the range of 1-100 mA could be delivered which was sufficient to produce maximal values of CMAP, PMG, and TwPDI. eighth intercostal spaces near the costal margin. Right and left PMGs were recorded with two miniature condenser microphones (Archer, Intertan Canada Ltd, Barrie, Ontario, Canada). Each microphone was incorporated into a plexiglass capsule in such a way that the microphone membrane, 6 mm in diameter, was 2 mm away from the skin, thus leaving a small air chamber between the microphone and the skin. A small hole (0-6 mm internal diameter) was made laterally at this level to allow the pressure in the chamber to equilibrate with atmospheric pressure. A similar device has been used previously1' to record breath sounds while avoiding pressure offsets due to gas compression or rarefaction in the chamber when fixing the microphone to the skin. This has been suggested as a potential source of artefacts when recording muscle sounds also. The microphones were fixed with adhesive rings over the eighth intercostal spaces in the anterior axillary line close to the CMAP recording electrodes. Right and left CMAP and PMG recordings were amplified and bandpass filtered at 16- 20% increments of inspiratory capacity. Between two and 10 twitches were recorded for each subject at each of the designated lung volume ranges. Measurements at different lung volumes were repeated soon after a diaphragmatic fatigue test.
FATIGUE TEST
To induce diaphragmatic fatigue the subjects were asked to breathe through an inspiratory resistance adjusted to enable the subjects to develop, with each breath, approximately 60% of their maximal voluntary PDI which was displayed to the subject on a storage oscilloscope. Attempts were also made to control the breathing pattern and the inspiratory to total breathing cycle time ratio (TI/TTOT = 0 6). This pattern of contraction was maintained until the limit of endurance when subjects felt exhausted and came off the mouthpiece.'2 For all subjects this occurred within 50 minutes. dividual relationships are shown in fig 3. A third order polynomial appeared to fit these relationships best. Positive relationships between PMGo.1 and TWPDI were found on both sides in three subjects (Si, 54, S5) and on one side in another subject (S3), whereas in the other cases the PMG eventually declined despite further increases in TWPDI. Although this was not systematically investigated, day to day variability appeared to be greater for PMGo.1 than for TWPDI ( fig 4) . As can be seen in fig 2, both right and left CMAP values increased with increasing lung volume. This effect of changes in lung volume was statistically significant and independent of whether the diaphragm was fresh or fatigued (ANOVA, p<O5).
EFFECT OF FATIGUE
In all subjects TWPDI decreased after inspiratory loading indicating that their diaphragm was fatigued. As can be seen in fig 2, the relationship between TWPDI and the lung volume remained negatively sloped but was shifted downwards after fatigue. This shift for the group was highly significant and independent of lung volume (ANOVA, p<O OOO1).
Both left and right CMAP values tended to decrease after fatigue. The decline with fatigue also tended to be greater on the right side (35%) than on the left (22%). The analysis of variance showed this effect of fatigue to be statistically significant and independent of changes in lung volume (ANOVA, p<O 02).
Irrespective of their shape, the relationship between the PMGo.1 and the lung volume, like that with the TWPDI, was shifted downwards after fatigue in all subjects. For the group this shift was highly significant on both sides and independent of changes in lung volume (ANOVA, p<0001). However, owing to the observed changes in the size of the CMAP on both sides, no direct comparison could be made between changes in TwPDI and in PMGo.,. To EFFECT OF LUNG VOLUME ON PMG,1
The PMG has been shown previously to be proportional to the strength of contraction of both limb4 1317 and diaphragm muscles.3 In the present study the strength of diaphragmatic contractions (or TwPDI) was varied by increasing the lung volume. In some cases positive relationships were found between PMG,,,
and TwPDI indicating that, in these instances too, PMG could reflect the strength of diaphragmatic contractions. In other cases, however, the relationships were curvilinear or even that surround it. The mechanical properties of those structures located between the diaphragm and the microphones should thus play an important part in determining the amplitude of the acoustic signal recorded at the surface of the chest as was shown for the heart/thorax acoustic system in dogs,26 and this may change as a function of lung volume. The PMG could also be sensitive to the microphone placement, and this too could vary in different subjects or on different days in the same subject. Although the position of the microphones was fixed in a given experiment, the ribs could move. A combination of all these factors therefore probably explains the variable relationships observed in our study between PMGo., and TwPDI when the lung volume was varied.
EFFECT OF LUNG VOLUME ON CMAP Significant increases were seen in the size of the left and right CMAP with increasing lung volume. As the phrenic nerve stimulus was set to be supramaximal at FRC, it can reasonably be assumed to have remained the same throughout. The observed changes with lung volume could have been artefactual in origin as has been shown previously with oesophageal electrode recordings.27
EFFECT OF FATIGUE ON CMAP AND PMG0. 1 The changes in CMAP observed after fatigue are more difficult to explain. A failure of neuromuscular propagation would seem unlikely in view of earlier studies in humans.2829 Changes in chest wall configuration at a given lung volume after fatigue could also have altered the size of the CMAP, despite the maintenance of a maximal nerve stimulus. This possibility also seems unlikely in view of our finding that, when corrected for the change in CMAP size (PMG0.1:CMAP), the mean of the left and right corrected PMGO.I changed with fatigue in roughly the same proportion as TwPDI (fig 5) . This finding also supports the use of PMG as a non-invasive index of changes in diaphragmatic contractility with fatigue.3 Indeed, the PMGo.1:
CMAP ratio is a measure of the effectiveness of the excitation/contraction coupling process that should be uniquely affected by events which occur beyond the neuromuscular junction and the sarcolemma. However, the fact that both the numerator and the denominator of this ratio were affected by changes in lung volume restricts the applicability of this test. This is a difficulty that is shared by all tests of changes in diaphragmatic contractility with fatigue so far described. Nevertheless, there could be advantages to the use of PMGo.I when lung volume changes can be controlled. The test is non-invasive and, because PMGo.1 is measured in response to an external stimulus, it is independent of effort. Because the PMG is proportional to the CMAP, a submaximal stimulus can be employed which simplifies the testing procedure while reducing the discomfort to the subject.' Furthermore, because the response is the same during unilateral and bilateral stimulation,' it is only necessary to stimulate one phrenic nerve at a time which further simplifies the testing procedure. It thus becomes possible to investigate regional differences in diaphragmatic contractility between the left and the right sides. We wish to emphasise, however, that this test has so far been employed only in well controlled laboratory conditions in normal volunteers, and that, in view of the many factors that may affect the PMG signals outlined above, it is premature to judge the suitability of this test for clinical patients.
In conclusion, this study has shown that, when changes in the lung volume can be controlled or when the lung volume remains constant, acute changes in diaphragmatic contractility caused by fatigue can be evaluated in normal subjects by recording the PMG from either the right or left hemidiaphragm in response to an external stimulus. This is a simple non-invasive procedure which, when combined with simultaneous recording of the CMAP, can assess acute changes in the excitation/contraction coupling of the diaphragm. This technique also offers the possibility of evaluating changes in the contractility of each hemidiaphragm separately. Future studies should indicate whether or not this test can be clinically useful.
